Frontal and Temporal Lobe Monitors.
The frontal lobe monitors were placed 1 cm caudal to a line joining the right and left medial canthi and 1.5 cm on either side of the midline to a depth of 1 cm. Temporal lobe monitors were placed 1 cm caudal to a line joining the right and left lateral canthi and 2 cm lateral to the midline on either side. The trajectory for these monitors was slightly lateral. The temporal monitors were inserted until the tip impacted the floor of the middle cranial fossa, at which point they were withdrawn 1 cm.
Midbrain Monitors. The midbrain monitors were placed 2 cm caudal to the line joining the right and left lateral canthi and 1 cm lateral left of the midline. The trajectory for these monitors was slightly medial. The midbrain monitors were inserted to a depth of 4 cm.
Cerebellar Monitors. Cerebellar monitors were inserted by placing twist drill holes 1 cm cephalad to the nuchal crest and 1 cm to the right of the midline, angled slightly caudad. A 14-gauge 2-in angiocatheter was then inserted through the twist drill hole and advanced until resistance was encountered, indicating the tentorium cerebelli. The angiocatheter was then advanced through the tentorium and the introducer needle was withdrawn. At this point cerebrospinal fluid (CSF) could be seen rising in the catheter. The parenchymal monitor probe was then inserted through the catheter such that 0.5 cm of probe protruded beyond the tip of the catheter. The gap between the angiocatheter hub and monitor probe was sealed with bone wax to minimize loss of CSF.
Correct monitor placement was confirmed by lateral radiograph ( Fig. 1 ) and autopsy until it was determined that each monitor was reproducibly placed in the desired brain region.
Creation of Mass Lesions
A right frontal burr hole was placed 1 cm cephalad to a line joining the right and left lateral canthi and 1.5 cm right of the midline. The dura was stripped cephalad with a periosteal elevator until a No. 8 French Foley balloon catheter could be introduced into the epidural space adjacent to the right frontal lobe. Several minutes were then allowed to elapse until a stable baseline was achieved. The balloon was expanded by injecting 1 cc of normal saline over a period of 1 second. The expansions of the balloon were repeated every 5 minutes until a total balloon volume of 8 cc had been achieved or until the balloon failed, whichever came first.
Data Acquisition
Arterial blood pressure was monitored via a femoral arterial line connected to a standard pressure transducer. The pressure-transducer was connected to a transducer-amplified manifold. Output from the transducer-amplified manifold was directed to a analog-to-digital converter.
Each intraparenchymal monitor was connected to a direct pressure monitor with waveform display. Each monitor was then connected to the analog-to-digital converter using custom-made cables. The converter was coupled to a Macintosh FX computer system. Data were collected using the Chart/8 software included with the MacLab/8 converter. The data were collected at a sampling interval of 50 msec.
Analysis of Data
Using the Chart/8 software package, experiments were saved individually as data files, which were converted to MS-DOS text files. These large files were then broken down, and the smaller files were opened and analyzed using Borland Quattro Pro for Windows Version 5.0. Maximum pressure at equilibrium just prior to mass expansion and maximum pressure during mass expansion were extracted for each balloon volume at each site in each experiment. For every region the maximum pressures obtained during a specified epoch (such as, at equilibrium just prior to mass expansion or the maximum pressure seen during expansion) were averaged. Occasionally, for technical reasons (that is, balloon failure after expansion of the mass to 4 cc in one animal or absence of right frontal intraparenchymal monitors in four animals) not all areas had the same number of samples. Therefore, the differences in regional pressures were calculated and statistical analysis was performed using only paired samples for each region. Statistical comparisons between brain regions were performed using the two-tailed t-test for paired samples. Statistical significance was defined as p Ͻ 0.05.
Sources of Supplies and Equipment
Intraparenchymal ICP monitors (model OLM110-4B) and direct pressure monitor (model V420) were supplied by Camino Laboratories, San Diego, CA. MacLab/8 analog-to-digital converter and Chart/8 software were obtained from World Precision Instruments, Inc., Sarasota, FL. MacIntosh FX computer was obtained from Apple, Inc., Cupertino, CA.
Results

Regional Differences in ICP Prior to Expansion of the Mass
Inspection of the individual ICP waveforms in each region revealed a marked variation in pressures with both cardiac and respiratory cycles. The morphology of the cerebellar pressure tracing appeared to be different from that of all supratentorial tracings (Fig. 2) . Prior to expansion of the mass, maximum intraparenchymal pressure ranged from a mean of 6.51 to 8.27 mm Hg in all brain regions. However, as shown in Table 1 , there were small but statistically significant differences between the left frontal lobe and midbrain, and the left temporal lobe and midbrain pressures at baseline.
Effects of Expanding the Mass on Regional Intraparenchymal Pressures
Each expansion of the epidural mass produced a rapid rise in intraparenchymal pressure, followed by a gradual fall in pressure and equilibration to a new, higher baseline in all regions. This particular pattern was universally seen in supratentorial regions. In contrast, this pattern of rapid rise in pressure, followed by equilibration to a higher baseline, was sometimes not observed in the cerebellum when the ICP was less than 10 mm Hg. A representative pressure tracing during a period of balloon expansion is shown in Fig. 3 .
Initially, a series of experiments were performed to establish and justify the chosen experimental parameters. One of these studies investigated the duration of the experimentally produced tissue pressure gradients. For this experiment, the mass was expanded using the experimental protocol until the mean ICP was roughly double the baseline resting ICP. Regional pressures were then observed for 30 minutes, with no further expansion of the mass or therapy. A typical experiment is shown in Fig.  4 left. This limited series of experiments indicated that the gradients persisted for at least 30 minutes after mass expansion. The slope of the tracings indicated that the pressure gradients would likely persist for hours. It also appeared that most of the possible equilibration occurred over the first 5 minutes of observation. We reasoned that ischemic injury from elevated ICP is likely to occur within minutes of reaching a critical threshold and that most clinically significant elevations of ICP would be treated within 30 minutes, and preferably within a few minutes of detection. Therefore, it was decided that we would allow 5 minutes between mass expansions. Table 2 shows the mean maximum regional pressures for the left frontal and right and left temporal lobes, midbrain, and cerebellum, at equilibrium, just prior to expansion, at each volume of the mass. Significant increases in regional tissue pressure were not seen until a mass volume of 2 cc was attained, presumably reflecting the normal buffering capacity of the brain. As the volume of the mass subsequently increased, progressively higher pressures were seen in each brain region with the exception of the cerebellum, where a significant increase in pressure was seen only between mass volumes of 1 and 2 cc. The data for the right frontal lobe, along with the data for the left frontal lobe (for comparison) are shown separately in Table 3 . Due to the small sample size for the right frontal lobe data, a statistical comparison was not made. As the mass expanded, significant differences in intraparenchymal pressure between the various brain regions appeared. To demonstrate this, mean pressures before and during balloon expansion were plotted as a function of balloon volume, for each brain region. These plots are shown in Fig. 4 center. The pressure differentials between intracranial regions increased as the size of the mass increased. This phenomenon is shown in Fig. 4 right, in which the mean pressure prior to expansion is plotted for each balloon volume as a function of monitor location. Each experiment revealed a consistent relationship between the intracranial regions: RF Ͼ LF Ͼ RT = LT Ͼ MB Ͼ CB where RF and LF are right and left frontal lobes, RT and LT are right and left temporal lobes, MB is midbrain, and CB is cerebellum.
Comparison of Regional Intraparenchymal Pressures During Expansion of the Mass
To critically compare the regional differences in ICP, two epochs of the experiment were chosen. Table 4 shows the regional differences for mass sizes of 3 and 6 cc. Immediately prior to expansion of the mass to a volume of 3 cc, mean pressures ranged from 15.84 mm Hg in the right frontal lobe to 8.81 mm Hg in the cerebellum. Significant differences in regional pressures were seen between the left frontal lobe and all other compartments except the right frontal lobe. Significant differences were also seen between the left temporal lobe and midbrain and between the left temporal lobe and cerebellum. After expansion of the mass to 3 cc, mean pressures ranged from 44.41 mm Hg in the right frontal lobe to 22.93 mm Hg in the cerebellum. Significant differences in regional pressure were seen in 12 of 15 comparable regions. No differences were seen between the right and left frontal lobes, between the right frontal and right temporal lobes, and between the right and left temporal lobes.
Immediately prior to expansion of the mass to 6 cc (Table 4) in the right frontal lobe and 12.28 mm Hg in the cerebellum. At high ICP, significant pressure differences were seen between the cerebellum and all other compartments, between the midbrain and all other compartments except the right temporal lobe, between the right frontal and left temporal lobes, and between the left frontal and left temporal lobes. After expansion, mean pressures ranged from 89.29 mm Hg in the right frontal lobe to 20.55 mm Hg in the cerebellum. Significant pressure differences were seen between the cerebellum and all other compartments except the midbrain, as well as between the midbrain and all other compartments except the left temporal lobe and cerebellum, and between the right frontal and right temporal lobes.
Discussion
Several laboratory investigations have been undertaken to determine if there are regional differences in ICP. As early as 1902, Cushing 4 suggested that the brain does not transmit pressure equally in all directions. Cushing observed blanching of cerebral capillaries first in the vicinity of a mass, then in more remote areas as the size of the mass was increased. He stated that "The symptoms produced by conditions of local compression, consequently, in so far as they are secondary to circulatory alterations, can be seen to be dependent entirely on the position of the foreign body, what areas are involved in the local anaemia, and how far-reaching are the congestion effects."
Several workers have studied this phenomenon in labo- 
FIG. 4.
Charts showing mean pressures for all regions. CB = cerebellum; LF = left frontal lobe; LT = left temporal lobe; MB = midbrain; RF = right frontal lobe; RT = right temporal lobe. Left: Mean maximum pressures before and during balloon expansion, plotted as a function of time from the first balloon expansion. This demonstrates that the pressure gradients persisted throughout the period of observation and that the majority of possible equilibrations occurred in the first 5 minutes after expansion of the mass. Center: Mean maximum pressures before and during balloon expansion, plotted as a function of balloon volume. This shows the effect of acute expansion of the mass and subsequent equilibration to a higher intracranial pressure baseline and to a more divergent gradient between regions. For volumes of the mass greater than 2 cc, the gradients that occur become wider as the volume of the mass increases. Right: Mean pressures prior to balloon expansion, plotted as a function of monitor location, for each balloon volume. This demonstrates the nature of the tissue pressure gradient that occurs as a result of an expanding right frontal epidural mass. That is, the relative tissue pressures are higher depending on the region's location relative to the mass. In this model, the highest pressures for a right frontal mass occur in the right frontal lobe. The next highest pressures occur in the left frontal lobe. The temporal lobe pressures are lower still, and essentially equivalent. The lowest pressures occur in the posterior fossa. ratory animals. Langfitt, et al., 6 found that elevated pressure applied directly to the subarachnoid space was immediately and completely distributed throughout the space. In contrast, when a mass was expanded within the brain parenchyma, the pressure was not completely distributed into the subarachnoid space. Weinstein, et al., 13 using an intracerebral balloon monitoring technique, recorded a significant difference in pressure, as high as 35 mm Hg, across brain regions.
In contrast, research in this area involving human subjects has yielded conflicting results. In 1982, Weaver, et al., 12 described four patients with unilateral mass lesions monitored with bilateral subarachnoid bolts. In these studies, ICP was not transmitted equally through the subarachnoid space over both hemispheres and higher pressures were recorded on the side of the lesion. Interestingly, this pressure differential was no longer observed in one patient after removal of the mass lesion. Yano, et al., 15 obtained directly contradictory results and concluded that "the intracranial space, especially the supratentorial space, is one compartment in which pressure distribution is generally uniform." The authors used bilateral subarachnoid screws or a combination of subarachnoid screw and subarachnoid catheter for pressure measurement. Finally, Broaddus, et al., 2 reported 15 patients monitored with dual ipsilateral subarachnoid bolts, seven of whom had measured pressure differentials of 10 mm Hg or greater.
For most clinical situations requiring ICP monitoring, a single monitor, either of ventricular spinal fluid pressure or intraparenchymal pressure, is commonly used. The use of a single ICP monitor is based on the Monro-Kellie doctrine, which holds that the intracranial space is filled to capacity with relatively noncompressible contents.
14 Thus, it is assumed that the pressure measured by this single monitor generally reflects the pressure in all regions of the brain. However, when we tested this hypothesis by measuring simultaneous parenchymal pressures in several regions of the brain prior to and during the expansion of an epidural mass, a parenchymal pressure gradient was observed. Prior to expansion of the mass, we routinely noticed a small but significant pressure gradient between the more peripheral monitors placed in the frontal and temporal lobes, and the monitor placed in the midbrain. The cause and importance of this particular observation is not clear. Expansion of an extradural mass lesion immediately resulted in the appearance of new brain tissue pressure gradients. Although the greatest differences occurred between the supratentorial and infratentorial regions, almost all supratentorial regions showed relative differences at some time during expansion of the mass.
Most pressure gradients appeared early, at low mass volumes, and persisted or increased as the mass expanded. Furthermore, these regional pressure differences always showed a consistent relationship dependent on the location of the monitor relative to the mass lesion. In all cases in which a statistically significant pressure difference was observed, this relationship was: frontal lobes Ͼ temporal lobes Ͼ midbrain Ͼ cerebellum. No significant differences were observed between the right and left temporal lobes. No significant differences were observed between the right and left frontal lobes, or between the right frontal and right temporal lobes, although statistical analysis of the pressure data recorded from the right frontal lobe was hampered by the small sample size. Global or regional ischemia is thought to be the final common pathway for the production of secondary brain injury. 5, 9 Current management strategies now include the maintenance of what is thought to be a critical cerebral perfusion pressure, that is, the difference between ICP and mean arterial blood pressure. If tissue pressure gradients exist in the human brain after head injury, it is possible that a single measure of ICP would not accurately reflect pressures elsewhere in the brain, thereby allowing the possibility of decreased perfusion in some areas of the injured brain. Our study indicates that if a gradient forms, the highest tissue pressures would occur closest to a mass lesion.
In 1983, Marshall, et al., 8 reported 15 cases of patients with an oval pupil, including one with normal and six with only modest (ICP Ͻ 30 mm Hg) elevation of ICP. It was emphasized that this finding represented a transitional stage indicating transtentorial herniation with third cranial nerve compression. The results of the present study demonstrate that regional differences in parenchymal pressures are possible and suggest an explanation for the findings of Marshall, et al.: the actual intraparenchymal pressure may be higher in regions remote from the ICP monitoring device.
Conclusions
In conclusion, regional intraparenchymal pressure was measured in a swine model during the expansion of a frontal epidural mass. A reproducible gradient of parenchymal pressures occurred, resulting in significant differences in brain tissue pressures in regions remote from the mass. These findings suggest that parenchymal ICP monitors should be placed as close as possible to any mass lesions. Studies of tissue pressure gradients in the face of other types of mass lesions and lesions in other locations are ongoing and will be the subject of forthcoming reports.
